RNA uridylation is a post-transcriptional modification, which consists of the addition of uridines to the 3 0 end of RNA. RNA uridylation plays a key role in the regulation of gene expression across eukaryotes, with the exception to date of Saccharomyces cerevisiae, which has lost the capacity to uridylate RNAs. U-tailing has been reported for a variety of RNA substrates: from mitochondrial transcripts in trypanosomes, to mRNAs and a plethora of non-coding RNAs in diverse organisms, including fission yeast, amphibians, insects, plants or mammals [1-9]. Uridylation targets transcripts produced by RNA polymerases I, II and III (see accompanying articles by Zigackova and Vanacova [10], Warkocki et al. [11] and [12-14]) and it emerges as a pervasive post-transcriptional process.
FM, 0000-0002-3981-0567; HZ, 0000-0002-2132-4536; DG, 0000-0002-5871-7544 RNA uridylation consists of the untemplated addition of uridines at the 3 0 extremity of an RNA molecule. RNA uridylation is catalysed by terminal uridylyltransferases (TUTases), which form a subgroup of the terminal nucleotidyltransferase family, to which poly(A) polymerases also belong. The key role of RNA uridylation is to regulate RNA degradation in a variety of eukaryotes, including fission yeast, plants and animals. In plants, RNA uridylation has been mostly studied in two model species, the green algae Chlamydomonas reinhardtii and the flowering plant Arabidopsis thaliana. Plant TUTases target a variety of RNA substrates, differing in size and function. These RNA substrates include microRNAs (miRNAs), small interfering silencing RNAs (siRNAs), ribosomal RNAs (rRNAs), messenger RNAs (mRNAs) and mRNA fragments generated during post-transcriptional gene silencing. Viral RNAs can also get uridylated during plant infection. We describe here the evolutionary history of plant TUTases and we summarize the diverse molecular functions of uridylation during RNA degradation processes in plants. We also outline key points of future research.
This article is part of the theme issue '5 0 and 3 0 modifications controlling RNA degradation'.
RNA uridylation, a key post-transcriptional regulatory process
RNA uridylation is a post-transcriptional modification, which consists of the addition of uridines to the 3 0 end of RNA. RNA uridylation plays a key role in the regulation of gene expression across eukaryotes, with the exception to date of Saccharomyces cerevisiae, which has lost the capacity to uridylate RNAs. U-tailing has been reported for a variety of RNA substrates: from mitochondrial transcripts in trypanosomes, to mRNAs and a plethora of non-coding RNAs in diverse organisms, including fission yeast, amphibians, insects, plants or mammals [1] [2] [3] [4] [5] [6] [7] [8] [9] . Uridylation targets transcripts produced by RNA polymerases I, II and III (see accompanying articles by Zigackova and Vanacova [10], Warkocki et al. [11] and [12] [13] [14] ) and it emerges as a pervasive post-transcriptional process.
RNA uridylation plays diverse roles, which depend on the cellular compartment, the identity of the terminal uridylyltransferase (TUTase) or the RNA substrate itself [1,2,4 -9] . The 3 0 untemplated addition of uridines may facilitate processing of primary transcripts, stabilize RNA and possibly control translation of mRNAs. Yet, its chief role is to trigger degradation both by the 5 0 -3 0 and 3 0 -5 0 RNA degradation pathways [1, 2, [4] [5] [6] [7] [8] [9] . Here, we summarize our current knowledge on RNA uridylation and decay in plants. We begin by describing the terminal nucleotidyltransferase (TNTase) family, to which TUTases belong. As an example, the organization of the small multigenic TNTase family is detailed for the model plant Arabidopsis thaliana. We then present a comprehensive evolutionary history of TUTases in Archaeplastida (i.e. all plants), which reveals that two TUTases have been maintained in the whole green lineage, suggesting specific and critical functions. We then review our current knowledge on how uridylation by these TUTases impacts the degradation of various classes of RNAs in plants.
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Characteristic features of TUTases in plants
RNA uridylation is catalysed by terminal uridylyltransferases (TUTases). TUTases belong to the superfamily of DNA polymerase beta-like nucleotidyltransferases [15] . This superfamily regroups enzymes that conjugate nucleotides to proteins, antibiotics or RNAs [15] . The nucleotidyltransferases that add untemplated nucleotides (adenosines, uridines, guanosines and cytidines) to the 3 0 end of RNAs are called ribonucleotidyl transferases (rNTases) or terminal nucleotidyltransferases (TNTases).
(a) Classification of terminal nucleotidyltransferases
TNTases are split into two classes based on structural differences in their catalytic fold and in the domain responsible for nucleotide selection [15] . Class I includes the 'canonical' poly(A) polymerases (cPAPs), which are responsible for the co-transcriptional addition of stabilizing poly(A) tails to transcripts synthesized by RNA polymerase II (Pol II), the tRNA CCA-adding enzymes in Archaea, 2 0 -5 0 -oligo(A) synthetases (OAS) and a group of TNTases involved in the polyadenylation, uridylation, cytidylation and guanylation of diverse RNA substrates [3, 15] . Class II TNTases correspond to bacterial poly(A) polymerases and tRNA CCA-adding enzymes found in eukaryotes and in certain bacteria.
(b) Eukaryotic TNTases are encoded by small multigenic families
TNTases are encoded by small multigenic families, whose complexity varies across eukaryotes. For instance, three canonical and 11 non-canonical PAPs (ncPAPs) are expressed in humans [16] (see also accompanying paper by Warkocki et al. [11] ). TNTases are also encoded by small multigenic families in plants, as reported for the green algae Chlamydomonas reinhardtii, or for two land plants: Zea mays (maize) and Arabidopsis thaliana [17] [18] [19] [20] [21] [22] [23] [24] . In Arabidopsis, 19 TNTase genes have been identified on the basis of sequence homology: 14 class I TNTases and 5 class II TNTases (figure 1). The class II of Arabidopsis TNTases contains a single tRNA CCA-adding enzyme also called tRNA-nucleotidyltransferase (tRNA-NT), which processes tRNAs encoded by the nuclear, plastidial and mitochondrial genomes [26] , and four bacterial PAP-like nucleotidyltransferases, which are predicted to localize in mitochondria and plastids [18] (figure 1). The class I of Arabidopsis TUTases is composed of 10 non-canonical PAPs and four PAPS that contain the characteristic domains of canonical PAPs (PAPS1 to 4) [17] [18] [19] [20] . Yet, PAPS3 is localized in the cytosol, is mostly expressed in pollen and does not contain the C-terminal extension found in PAPS1, S2 and S4 (figure 1) [19] . Figure 1 . Domain organization of class I and class II TNTases of A. thaliana. The class I TNTase family is composed of 10 non-canonical poly(A) polymerases (ncPAPs) and four canonical poly(A) polymerases (cPAPs). The class II TNTase family contains the tRNA nucleotidyltransferase (tRNA-NT), also called the tRNA CCA-adding enzyme, and four bacterial PAP-like nucleotidyltransferases. Boxes represent conserved structural domains identified using the structural classification of proteins (SCOP) according to the superfamily database [25] . Non-conserved regions are drawn as lines. Each TNTase is identified by its AGI (Arabidopsis Genome Initiative) reference gene model. The numbers of all gene models are shown in parentheses. Finally, names are shown for the 10 TNTases that have been studied to date. The numbers on the right indicate the number of amino acids for each TNTase. The colour code for the Superfamily SCOP domains is indicated on the figure. The vertical black bar drawn in the nucleotidyltransferase domain of four of the five class II TNTases represents a motif discriminating bacterial PAP-like nucleotidyltransferases from bacterial tRNA-NT [15] .
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Much remains to be discovered about the function of the 10 Arabidopsis class I ncPAPs. To date, functional data have been reported for three of them: TRF4/5-LIKE (TRL), HEN1 SUP-PRESSOR 1 (HESO1) and UTP:RNA URIDYLYLTRANS FERASE 1 (URT1) [20, 22, 31, 32] . TRL is a nuclear ncPAP, which adenylates rRNA maturation by-products and precursors to facilitate their degradation or processing by the RNA exosome [22] . TRL is an orthologue of TRF4 in S. cerevisiae or TENT4B (hTRF4-2, PAPD5) in humans [33] [34] [35] [36] . Another Arabidopsis class I ncPAP, MEE44, is evolutionarily close to TRL and TENT4A/B. Indeed, a phylogenetic analysis using the nucleotidyltransferase domains of the 10 Arabidopsis ncPAPs aligned with that of four human ncPAPs (TENT4A, TENT4B and the 2 TUTases TUT4 and TUT7) reveals that TRL and MEE44 cluster with TENT4A/4B (figure 2). This analysis also indicates that four uncharacterized Arabidopsis ncPAPs form a distinct clade and finally that four proteins including HESO1 and URT1 cluster with the human TUTases TUT4/7 (figure 2). The nucleotide specificity of AT3G45750 and AT3G45760 has not been reported yet, but HESO1 and URT1 are indeed bona fide TUTases. Altogether, HESO1 and URT1 uridylate small RNAs, mRNAs and the 5 0 fragments resulting from cleavage by the RNA-induced silencing complex (RISC) [20, 31, 32, 39, 40] . Of note, HESO1 is the homologue of MUT68, which was discovered in C. reinhardtii, as a ncPAP involved in the degradation of RISC-cleaved transcripts and small RNAs [41, 42] .
(c) Evolutionary analysis of TUTases in plants
A recent phylogenetic analysis of HESO1 and URT1 homologues, mostly from bryophytes, lycophytes and ferns, revealed that each TUTase forms a monophyletic group [43] . To extend our knowledge on the evolutionary history of TUTases in Archaeplastida (i.e. all plants), a comprehensive phylogenetic analysis was performed using URT1 and HESO1 homologues from 79 species representing all major groups of Archaeplastida, including glaucophytes, rhodophytes (red algae), chlorophytes and streptophyte algae, bryophytes (liverworts, hornworts and mosses), lycophytes and pteridophytes (e.g. ferns), gymnosperms (e.g. conifers and Gingko), and angiosperms (flowering plants; figure 3 ).
To retrieve URT1 and HESO1 homologue sequences, we screened phytozome, NCBI TSA and NCBI EST databases by using either BLASTP or TBLASTN algorithms with the amino acid sequence of Arabidopsis URT1 (AT2G45620) and HESO1 (AT2G39740). We also included in our analysis previously published URT1 and HESO1 sequences from bryophytes, lycophytes and ferns [43] (see electronic supplementary material, Dataset S1 and S2 for a compilation of HESO1 and URT1 sequences, respectively). URT1 and HESO1 homologous sequences for the representative species shown in figure 3 were separately aligned with MUSCLE [37] . Amino acids that did not align to the Catalytic Core Domain (CCD) (COG5260) identified in URT1 and HESO1 were trimmed. Finally, URT1 and HESO1 trimmed sequences were realigned altogether and the phylogenetic tree shown in figure 4 was generated using the maximum-likelihood method (v. The main outcome of this analysis is that a monophyletic group is observed for each TUTase, indicating an early divergence of HESO1 and URT1 that have been maintained in the green lineage (figure 4). In most species, homologues of HESO1 and URT1 are present each as a single copy (figures 3 and 4), raising the possibility that they are orthologues, as previously proposed for bryophyte, lycophyte and fern species [43] . Figure 4 . Phylogenetic relationship between URT1 and HESO1 sequences among 79 representative species of Archaeplastida. The phylogenetic tree was generated using the maximum-likelihood method and WAG substitution model implemented in PhyML (v. 3.1) [45, 46] ; see electronic supplementary material, Dataset S3 for sequence alignment). The tree was edited using iTOL (v. 4.2.1) [47] . Colour code for taxonomic clades is defined in figure 3 . [48] . Four out of five representative species of Poaceae chosen for our initial analysis shown in figures 3 and 4 also have at least two copies of URT1 and HESO1. To obtain a better view of the evolutionary history of TUTases in this family that regroups important crops such as maize (Zea mays), sorghum (Sorghum bicolor) or rice (Oryza sativa), a more focused phylogenetic analysis of URT1 and HESO1 homologues was performed from 11 species of Poales (10 Poaceae and the Bromeliaceae Ananas comosus) ( figure 5 ; see electronic supplementary material, Datasets S4 and S5 for alignments of HESO1 and URT1 sequences, respectively). In fact, two copies of HESO1 were not systematically found ( figure 5 ). For instance, maize and pineapple (A. comosus) are among the Poales species that lack the second HESO1 isoform, noted HESO1B. Usually, HESO1A, which is the isoform detected in all Poales, is constitutively expressed, and at a higher level than HESO1B ( figure 6 ). Altogether, these data suggest that HESO1A could be the orthologue of the eudicot HESO1, while HESO1B is either dispensable in some Poales or may have acquired a specialized function or expression pattern in certain Poales species. In contrast to HESO1 isoforms, two copies of URT1 are present in all 11 representative species chosen here and URT1 sequences form two well-defined clades, defining A and B isoforms (figure 5). Clearly, URT1A homologues are more closely related to eudicot URT1 than the B homologues ( figure 5 ). In addition, transcriptomic data in Ananas comosus, Zea mays, Setaria italica, Panicum hallii, Sorghum bicolor, Oryza sativa japonica or Brachypodium distachyon indicate that URT1A isoforms are constitutively expressed in all tissues, whereas the expression of URT1B isoforms is generally lower and sometimes restricted to specific tissues (figure 6). Both the phylogenetic and transcriptomic studies support the hypothesis that URT1A isoforms are orthologues of URT1 from eudicots, whereas B isoforms may be neo-functionalized. We cannot exclude that certain URT1B isoforms are in the process of pseudogenization. For instance, we failed to amplify fully spliced URT1B mRNAs by RT-PCR analysis in Brachypodium seedlings, in contrast to URT1A mRNAs. Yet, it is possible that URT1B mRNAs are effectively spliced only in response to environmental stimuli or at particular developmental stages. Future experimental work is needed to determine whether URT1B homologues are indeed neo-functionalized.
Overall, URT1 homologues seem present in almost all species of Archaeplastida. Except for the early branching Glaucophyta and Rhodophyta species that contain only URT1 homologues, the genomes of the vast majority of green algae and land plants encode both URT1 and HESO1 homologues. URT1 and HESO1 homologues form a monophyletic group for each TUTase. Several species have multiple isoforms of URT1 and HESO1 that sometimes have tissue-specific patterns of expression. It remains to be experimentally investigated which of these isoforms of TUTases have evolved specialized functions, and which are in the process of pseudogenization following gene duplication.
Uridylation accelerates the decay of small RNAs
Small RNAs can be tailed by untemplated nucleotides, mostly uridines and adenosines. 3 0 adenylation of miRNAs seemed to slow down degradation in vitro using Populus trichocarpa cell extracts [53] , but the role of small RNA adenylation in regulating stability remains to be fully elucidated. By contrast, uridylation triggers the degradation of small RNAs. This process, which was discovered in Arabidopsis [54] , constitutes the best-documented role of uridylation in plants. Plant small RNAs are mostly 20-24 nt in length and are divided in two main families: microRNAs (miRNAs) and short interfering RNAs (siRNAs). miRNAs are processed from primary transcripts that contain a hairpin with an imperfectly paired stem, while siRNAs are processed from near-perfect double-stranded RNAs (dsRNAs) or fully paired dsRNAs. The fully paired dsRNAs are produced by RNA-dependent RNA polymerase (RDR), which uses the sense strand as a template to generate the dsRNA precursor. miRNA and siRNA precursors are processed by DICER-like (DCLs) enzymes into small RNA duplexes. The 3 0 end of each strand of the duplexes is 2 0 -O-methylated by the methyltransferase HUA ENHANCER1 (HEN1) [55, 56] . Only one strand of the duplexes is finally retained in complex with an ARGONAUTE (AGO) protein, while the passenger strand is discarded (reviewed in [57] ). Except for rare exceptions mentioned below, virtually all mature small RNAs are thus methylated on their 3 0 terminal ribose in plants. Mutations in HEN1 result in pleiotropic developmental abnormalities in Arabidopsis because miRNA levels are drastically reduced [55, 56] . Methylation by HEN1 is indeed necessary to protect the 3 0 end of small RNAs (both miRNAs and siRNAs) from uridylation, which triggers their decay [54, 58] . Besides Arabidopsis, mutation of HEN1 orthologues also induces uridylation-mediated destabilization of small RNAs in maize and rice [59, 60] . Of note, small RNAs can be uridylated and adenylated in a wild-type context as reported in many species including Arabidopsis, tomato, Medicago truncatula, rice, maize and in the moss Physcomitrella patens [61] . However, untemplated tailing is mostly detected for 'off-size' small RNAs [61] . In addition, 'off-size' 23 nt heterochromatic siRNAs (hc-siRNAs, also called het-or he-siRNAs), as compared to canonical 24 nt hc-siRNAs, are mostly adenylated rather than uridylated, and this tailing is not increased by hen1 mutation in Arabidopsis [61] . A possible explanation is that the untemplated nucleotides are added to hc-siRNAs precursors [61] .
During the biogenesis of the vast majority of small RNAs, once small RNA duplexes have been generated by DCLs, the dsRNA binding domains of HEN1 position the 3 0 ends of small RNA duplexes in the catalytic site to deposit the methyl group that prevents uridylation. It is worth noting that some miRNAs, like miR158 or miR319a in Arabidopsis and miR1510 in Phaseoleae species (e.g. soya bean), are substantially truncated and tailed even in a HEN1 wild-type context, suggesting that some small RNA duplexes could be poor substrates of HEN1 [32, 60, 62] . However, for the vast majority of small RNAs, the absence of HEN1 results in extensive nibbling and tailing, and the added nucleotides are mostly uridines [20, 32, [54] [55] [56] 60, 61] . Yet, the patterns of trimming and uridylation are different across miRNA families and specific patterns are conserved for the same miRNA family between maize, rice and Arabidopsis hen1 Figure 6 . Expression of URT1 and HESO1 isoforms from selected species of the Poaceae family. The diagram was drawn based on the transcriptomic data deposited in Phytozome v. 12.1 (https://phytozome.jgi.doe.gov) [49] , in NextGen Sequence DBs (https://mpss.danforthcenter.org/dbs) [50] , in eFP browser (http://bar.utoronto.ca) [51] and from the RNA-seq data from [52] . Expression data were analysed for Poales species from the BOP clade (B. distachyon, O. sativa) and the PACMAD clade (P. hallii, S. italica, S. bicolor, Z. mays) of Poaceae and for a Bromeliaceae (A. comosus).
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The TUTase HESO1 is the major TUTase uridylating both siRNAs and miRNAs to facilitate their decay in Arabidopsis [20, 32] . Its orthologue in C. reinhardtii, MUT68, was previously shown to uridylate small RNAs to trigger their degradation, revealing the conservation of this process from algae to land plants [42] . HEN1 SUPPRESSOR 1 (HESO1) was identified in Arabidopsis by a forward genetic screen aiming at identifying suppressors of the hen1 phenotype, but also by systematically testing which of the T-DNA mutants for the 10 class I ncPAPs of Arabidopsis was able to partially rescue the hen1 phenotype [20, 32] . In both studies, a heso1 mutation in a hen1 background partially restores miRNA levels and markedly reduces small RNA uridylation [20, 32] . Altogether, these data show that HESO1 is the predominant TUTase uridylating small RNAs in plants. Yet, the residual uridylation of small RNAs in the double heso1 hen1 mutant indicates that TUTases other than HESO1 are able to target small RNAs. Both forward and reverse genetic strategies identified URT1 as a secondary TUTase able to uridylate miRNAs in the heso1 hen1 background [63, 64] . URT1 was previously identified as the major TUTase uridylating deadenylated mRNAs in Arabidopsis (see §5) [31] . URT1 is localized in the cytosol, P-bodies and stress granules [31] . Its cytosolic localization likely explains why URT1 does not uridylate nuclear hc-siRNAs in a heso1 hen1 background, but is restricted to miRNAs [63, 64] . Importantly, the residual uridylation of hc-siRNAs in a hen1 heso1 urt1 background reveals the existence of another TUTase yet to be characterized. In Arabidopsis, the two genes that cluster with HESO1 and URT1 in the phylogenetic analysis shown in figure 2 are possible candidates for encoding this additional TUTase activity.
HESO1 and URT1 uridylate miRNAs, but both TUTases act distinctively and cooperatively [63, 64] . For instance, HESO1 uridylates full-length miR158 (which is poorly methylated by HEN1) while 1-nt truncated miR158 is mostly uridylated by URT1 [63] . Also, HESO1 has a broad role in uridylating miRNAs, while URT1 action seems restricted to fewer targets, likely explaining why the urt1 mutation does not rescue the hen1 phenotype, while the heso1 mutation does [32, 63] .
Also, because mono-uridylated miRNAs accumulate in hen1 heso1 background, it was proposed that URT1 could mono-uridylate unmethylated miRNAs to provide a U-terminating substrate, which is favoured by HESO1. HESO1 would then further tail the small RNA [20, 32, 57, 63, 64] .
The role of HESO1 in uridylating small RNAs was identified in a hen1 mutant, and that of URT1 in a hen1 heso1 background, because both HESO1's and URT1's activities are inhibited by the methyl group deposited by HEN1 on the 3 0 terminal ribose of small RNAs. In a wild-type context, tailing occurs mostly on nibbled small RNAs. In Arabidopsis, four 3 0 -5 0 exoribonucleases, SMALL RNA DEGRADING NUCLEASES (SDN1 to 4) are responsible for nibbling small RNAs [65, 66] . SDNs are only partially inhibited by 2 0 -Omethylation of small RNAs and they are able to remove the 3 0 terminal methylated nucleotide of small RNAs, thereby generating truncated, unprotected substrates for HESO1 and URT1 [66] . In contrast to heso1 and urt1 single mutants, or a null double mutant (data not shown), which have no obvious phenotype, combining mutations in three out the four SDNs results in higher miRNA levels and pleiotropic developmental defects [65] , indicating that nibbling by SDNs is a limiting step in controlling miRNA decay as compared to uridylation.
Both SDNs and TUTases interact with AGO proteins [39, 63, 66] , explaining why nibbling and tailing of miRNAs are AGO1-dependent [60] . In addition, uridylation antagonizes nibbling of small RNAs, likely revealing a competition between TUTases and SDNs to access the 3 0 end of small RNAs [64] . Importantly, SDNs are unlikely to degrade uridylated small RNAs [65] and therefore a yet unidentified activity is responsible for the degradation of uridylated small RNAs in Arabidopsis. In C. reinhardtii, RRP6, a cofactor of the RNA exosome, was proposed to degrade uridylated small RNAs [42] . Our current view of small RNA degradation based mostly on the work in Arabidopsis is summarized in the model presented in figure 7 .
Besides facilitating small RNA degradation, uridylation has additional roles in small RNA metabolism. The slicer activity of AGO1 is inhibited in vitro by the uridylation of miR165/6 in complex with AGO1 [63] . In addition, uridylation of miR158 by URT1 seems to impair its repression activity in a hen1 mutant [63] . These observations, made so far either in vitro or in a hen1 background, indicate that TUTases have the potential to control miRNA activity in plants. Such a regulatory role was reported in mice for miR-26, whose uridylation abrogates function without affecting stability [67] . A second alternative role of miRNA uridylation . Small RNA uridylation and decay. 2 0 -O-methylation deposited by the methyltransferase HEN1 protects against uridylation by HESO1 or by URT1. The exoribonucleases' SDNs can nibble methylated sRNAs that are loaded in AGO, thereby generating nibbled, unprotected sRNAs. These unprotected siRNAs or miRNAs are targeted by HESO1 (or URT1 for a subset of miRNAs). The uridylated small RNAs are subsequently degraded by a 3 0 to 5 0 exoribonucleolytic activity(ies) that is unknown in Arabidopsis and was proposed to be RRP6 in C. reinhardtii [42] .
isoforms triggers the production of phased, secondary siRNAs ( phasiRNAs) in a hen1 background [60] . Why other 22 nt miRNA isoforms also accumulating in hen1 do not trigger phasiRNA production is unknown. Interestingly, the control of phasiRNA biogenesis by uridylation was recently identified for miR1510 in Phaseoleae species, which include common bean and soya bean [62] . miR1510 regulates several nucleotide-binding and leucine-rich repeat protein (NB-LRR) genes by triggering the production of phasiRNAs. In soya bean, and most other Phaseoleae species, the miR1510 duplex has a terminal mispairing that inhibits HEN1 activity [62] . As a result, unmethylated miR1510 is mono-uridylated into a 22 nt species able to trigger phasiRNA production [62] . By recapitulating miR1510 biogenesis in Arabidopsis, HESO1 was identified as the TUTase that mono-uridylates miR1510 [62] . This example illustrates that uridylation of miRNAs might evolve functions distinct from merely promoting small RNA degradation.
Uridylation of 5 0 fragments of mRNAs cleaved by RISC
The repression of gene expression by post-transcriptional gene silencing (PTGS) is achieved either by repressing translation or by inducing mRNA degradation (reviewed in [68] ). In plant PTGS, mRNA degradation is initiated by AGO1-mediated cleavage that is guided by sequence complementarity between the small RNA loaded in RISC and its target mRNA (reviewed in [57] ).
RISC generates a 5 0 -cleavage fragment (5 0 CF) and a 3 0 -cleavage fragment (3 0 CF). The 3 0 CF is degraded by XRN4, the cytosolic 5 0 -3 0 exoribonuclease in plants [69] . The 5 0 CF is eliminated both by the 5 0 -3 0 and the 3 0 -5 0 RNA degradation pathways. Interestingly, uridylation participates in the clearance of this fragment by stimulating degradation from both its 5 0 and its 3 0 ends. The addition of uridines to the 3 0 end of the 5 0 fragment is an evolutionarily conserved mechanism detected in Arabidopsis, mice or humans [70, 71] .
In Arabidopsis, HESO1, which acts on siRNAs and miRNAs, was identified as the major TUTase uridylating 5 . These uncapped RNAs could be produced either by endoribonucleolytic cleavages or by decapping. This latter possibility is coherent with in vitro decapping assays in mammalian cell extracts that revealed uridylation as promoting decapping [72] . Finally, the accumulation of 5 0 CF of MYB33 mRNAs in Arabidopsis xrn4 mutants shows that the 5 0 -3 0 RNA degradation pathway indeed participates to the elimination of the 5 0 fragments generated by RISC cleavage [39] . 5 0 CF are also incontestably cleared by the 3 0 -5 0 RNA degradation pathway in plants [73] . Indeed, several 5 0 CF accumulate in Arabidopsis ski2, ski3 and ski8 mutants, SKI2/3/8 forming the Ski complex, the activator of the RNA exosome in the cytosol [73] . This observation strongly suggests the involvement of the RNA exosome in degrading 5 0 CF in Arabidopsis, as shown in Drosophila [74] . However, this involvement remains to be formally demonstrated using mutants affected in the function of core subunits of the Arabidopsis RNA exosome. Interestingly, secondary siRNAs are produced in the absence of the SKI complex for a number of miRNA targets and it was proposed that SKI2 could promote the rapid dissociation of RISC from the target mRNA, thereby restricting the production of transitive siRNAs [73] . In addition to this study in Arabidopsis, the RNA exosome was also suggested to participate in the degradation of 5 0 CF in
. MUT68, the TUTase that uridylates small RNAs in C. reinhardtii, was reported to facilitate the degradation of a mRNA targeted by artificial siRNAs [40] . No uridylation was detected at the sites of cleavage by RISC but at that time, a lowdepth analysis was performed. In addition, to our knowledge, no endogenous miRNA-mediated cleavage was investigated. It is therefore unknown at present whether MUT68 uridylates 5 0 CF. Interestingly, oligo(A)-tailing was detected upstream of the siRNA-induced RISC cleavage sites in the mut68 strain, suggesting that non-canonical polyadenylation tags 5 0 CF [40]. These oligo(A) tails were proposed to facilitate 3 0 -5 0 degradation by the RNA exosome [40] .
Of note, the degradation of RISC cleavage fragments likely promotes the dissociation of RISC from its target, which appears of prime importance for recycling RISC. This recycling involves recently identified 3 0 -5 0 exoribonucleases that interact with AGO1 and AGO10: RICE1 and RICE2 [75] . The inactivation of catalytic residues of homohexameric RICE proteins leads to low levels of miRNAs and accumulation of 5 0 CF [75] . RICE1/2 likely initiates the degradation of 5 0 CF, thereby facilitating RISC dissociation and recycling [75] .
The current model for the degradation of 5 0 CF is shown in figure 8 . HESO1 and RICEs are recruited to RISC through the interaction with AGO (figure 8). HESO1 catalyses the uridylation of 5 0 CF, possibly promoting decapping and subsequent degradation by XRN4. Concomitantly or alternatively, RICE1/ 2 ensures the initiation of 3 0 -5 0 degradation of RISC-associated 5 0 fragments by starting to nibble uridylated 3 0 ends of 5 0 CF. RICEs'action promotes RISC dissociation and therefore its recycling, but RICEs unlikely fully degrade the 5 0 CF. This is ensured by the RNA exosome assisted by the SKI complex (figure 8). [3, 13, 31, [76] [77] [78] [79] [80] [81] [82] [83] . Tailing oligo(A) tails with a few uridines likely facilitates the binding of LSm1-7 complex, which binds preferentially to short oligo(A) tails and oligo(U) tails [72, [84] [85] [86] . Binding of the LSm1-7 complex leads to the recruitment of the decapping complex and subsequent degradation by the cytosolic 5 0 to 3 0 exoribonuclease Xrn1. A similar process could occur in plants: the binding of the LSm1-7 complex could promote the recruitment of the decapping machinery triggering degradation of the uncapped RNA by XRN4. Moreover, U-tails can be directly recognized by Dis3L2 or the RNA exosome to promote 3 0 to 5 0 decay. Therefore, uridylation influences both the 5 0 -3 0 and 3 0 -5 0 degradation of mRNAs (see accompanying articles by Zigackova and Vanacova [10], Warkocki et al. [11] and recent reviews [2, 4, 5, 8] ).
Intricate function for uridylation in the decay of plant mRNAs
In Arabidopsis, uridylation of oligo-adenylated mRNAs is mainly performed by URT1 [31, 83] . Uridylation in Arabidopsis can be detected on uncapped mRNAs, as shown for CCR2 and LOM1 mRNAs [31, 80] and originally described in S. pombe [82] . Yet, no experiment has demonstrated so far an influence of URT1 on global mRNA half-lives, possibly because its direct targets correspond to deadenylated mRNAs, which represent a very minor population among all mRNAs. Also, deadenylation is likely a rate-limiting step in the bulk decay of mRNAs, thereby masking the potential impact of URT1 on mRNA degradation, which is restricted to its targets, i.e. the minor sub-population of deadenylated mRNAs. Although an impact of uridylation in accelerating mRNA decay remains to be shown formally in plants, uridylation definitely has a role in the mRNA degradation process. URT1 prevents excessive deadenylation, as mRNAs with shorter oligo(A) tails accumulate in urt1 mutants, whereas the complementation and overexpression of URT1 in Arabidopsis increase oligo(A) tail sizes [31, 83] . Importantly, a global analysis of mRNA uridylation by TAIL-seq revealed that URT1 repairs oligo(A) tails to an average extension length of 16 nucleotides (nt) [83] . A similar sub-population of mRNAs with a oligo(A) tail size distribution centered at 16 nt exists for non-uridylated mRNAs in wild-type plants [83] . Both these uridylated and non-uridylated 16 nt extensions are recognized and bound by a Poly(A) Binding Protein (PABP) in vitro and in vivo [83] . It is at present unknown in plants whether translation can be initiated on mRNAs with uridylated oligo(A) tails bound by PABP, or whether uridylation would inhibit translation as proposed for reporter mRNAs co-expressed with TUTases in Xenopus oocytes [87] or for Nonsense-Mediated Decay (NMD) targets in A. nidulans [80] . Besides a link between uridylation and translation, which remains to be explored in Arabidopsis, the recognition of uridylated oligo(A) tails by PABPs could modulate deadenylation [83] . Moreover, terminal uridines per se are likely to impede deadenylase activities, thereby contributing to slowing down deadenylation. By impeding deadenylation at the 3 0 end and possibly stimulating decapping at the 5 0 end as in other eukaryotes, URT1 could favour the 5 0 -3 0 directionality of mRNA degradation. Such 5 0 -3 0 directionality is crucial during cotranslational decay and in line with this, uridylated mRNAs were detected on polysomes [31] .
mRNA uridylation drops by 70-80% in null urt1 mutants [31, 83] . This shows that URT1 is the main TUTase uridylating mRNAs, but the residual uridylation observed in null urt1 mutants also reveals the involvement of at least another TUTase [31, 83] . HESO1 is a likely candidate as the secondary TUTase able to uridylate mRNAs. This possibility remains to be experimentally demonstrated. The TAIL-seq analysis of urt1 xrn4 double mutant suggested that this URT1-independent uridylation has a different function in mRNA metabolism. URT1-independent uridylation targets mostly very short oligo(A) tails and, unlike URT1, does not seem able to restore a nucleotide extension of sufficient length allowing PABP binding. Interestingly, in xrn4 mutant, only these short uridylated oligo(A) tails accumulate compared to WT, suggesting that this population could be targeted by XRN4 and rapidly degraded [83] . Hence, a complex role of uridylation in the metabolism of mRNAs is emerging in Arabidopsis. Uridylation by distinct TUTases or of different oligo(A) sizes could favour decapping, impede deadenylation or restore a PABP binding site. Whether mRNA uridylation impacts translation or mRNA storage has to be explored in plants.
Conclusion and future key points in plant RNA uridylation
The primary function of RNA uridylation in controlling RNA stability is conserved across eukaryotes, including plants.
HESO1 and URT1 homologues are present in most plant species, and their roles in the metabolism of small RNAs and mRNAs could be conserved. Yet, we are just beginning to apprehend the diversity of roles played by RNA uridylation in plants. In addition, our current knowledge of RNA uridylation in plants has been gathered using mostly two model species, the flowering plant Arabidopsis thaliana and the green algae Chlamydomonas reinhardtii. Therefore, the diversity of specialized biological functions involving RNA uridylation remains to be explored in various plant species. The discovery that mono-uridylation of a miRNA triggers the biogenesis of phased secondary siRNAs in Phaseoleae species to regulate disease resistance genes illustrates the potential of exploring uridylation in diverse plant species [62] . The just-emerging picture drawn from our knowledge in A. thaliana, and to a lesser extent in C. reinhardtii, is that uridylation targets short and long non-coding RNAs, as well as mRNAs. It is certain that the RNA substrates identified to date represent just a fraction of what is left to discover. For instance, the uridylation of ribosomal or viral RNAs has been reported in plants, with no clues about the impact of U-tailing on these RNAs [22, 88] . The systematic identification of RNA substrates of uridylation is a mandatory step towards discovering all functions of RNA uridylation in plants. In addition to the substrates, the identification of all the factors 'reading' the uridylation status of RNA and translating this information into biological outputs is required to decipher the molecular basis for the multiple roles played by uridylation in plant RNA metabolism.
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